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ABSTRACT 


DESIGN OF INTERNAL SUPPORT STRUCTURES FOR AN 
INFLATABLE LUNAR HABITAT 


NASA has a long range goal of constructing a fully equipped, manned lunar 
outpost on the near side of the moon by the year 2015 [1]. The proposed outpost includes 
an inflatable lunar habitat to support crews during missions longer than 12 months. This 
report presents a design for the internal support structures of the inflatable habitat. The 
design solution includes material selection, substructure design, assembly plan 
development , and concept scale model construction. 

The report discusses alternate designs and design solutions for each component of 
the design. Alternate materials include aluminum, titanium, and reinforced polymers. 
Vertical support alternates include column systems, truss systems, suspension systems, 
and lunar lander supports. Horizontal alternates include beams, trusses, floor/truss 
systems, and expandable trusses. Feasibility studies on each alternate showed that truss 
systems and expandable trusses were the most feasible candidates for conceptual design. 
The team based the designs on the properties of 7075 T73 aluminum. The substructure 
assembly plan, minimizes assembly time and allows crews to construct the habitat without 
the use of EVA suits. 

In addition to the design solutions, the report gives conclusions and 
recommendations for further study of the inflatable habitat design. 

KEY WORDS: EXPANDABLE TRUSS, TRUSS SYSTEM, INFLATABLE 
HABITAT, INTERNAL SUPPORT STRUCTURE 
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INTRODUCTION 


The Universities Space Research Association (USRA) is a consortium of 
universities established by the National Academy of Sciences. In conjunction with the 
National Aeronautics and Space Administration (NASA), USRA sponsors university 
design projects nationwide. Through the Mechanical Engineering Design Projects Program 
at The University of Texas at Austin, NASA and USRA have suggested several design 
projects for the lunar missions. Projects for the Fall semester 1990 include designs of 
lunar mining equipment, a de-orbiting vehicle, and internal support structures for an 
inflatable habitat. 

The objective of this project is to design internal support structures for the inflatable 
habitat. This report includes background information on the lunar mission, alternate 
designs for the internal support structure, a feasibility study, and design solutions for each 
component of the design. Also included are conclusions and recommendations for further 
study of the inflatable habitat. 

1.1 Background Information 

NASA has a long range goal of constructing a fully equipped, manned lunar 
outpost on the near side of the moon by the year 2015 [1]. The proposed outpost includes 
landing pads, an oxygen pilot plant, oxygen storage tanks, and the inflatable habitat. 
Figure 1 shows the proposed layout of the lunar outpost [6]. The lunar outpost mission is 
comprised of three phases: emplacement, consolidation, and utilization. The emplacement 
phase, to be completed by the year 2003, places a habitat with one year life support 
capabilities on the moon. Along with the initial habitat, the emplacement phase delivers 



Figure 1. Proposed lunar outpost [6], 
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laboratories,airlocks,and any required support systems. An expanded habitat, constructed 
during the consolidation phase, is scheduled to be completed by the year 2010 [1]. The 
expanded habitat contains crew quarters, science laboratories, medical facilities, and other 
facilities necessary for long duration missions [5]. The final phase, utilization, is the phase 
in which crew members conduct experiments on the moon. 

One of the primary design concerns during background research was the effect of 
the lunar environment on humans and structures. NASA has been studying the moon's 
environment for several years. During their studies, they found that radiation and extreme 
temperatures pose a serious threat to human life as well as potential damage to structural 
materials [4]. Tests on lunar soil, called regolith, showed that covering habitats with the 
soil provides adequate protection from radiation and thermal effects [2] . Prior to initiation 
of the emplacement phase, work crews will excavate the lunar surface to provide a site for 
the initial habitat. The excavation process can provide some of the regolith necessary to 
cover the habitat. 

Construction of the expanded habitat will begin at the conclusion of the 
emplacement phase. The habitat houses larger crews for longer duration missions than the 
habitat of the emplacement phase. NASA considered several alternate structures for the 
habitat during their initial studies. Structures considered include Space Station Freedom- 
derived modules, heavy-lift launch vehicle diameter modules, prefabricated large diameter 
cylinders, and inflatables [1]. Inflatable structures consist of an outer shell, which acts as a 
pressure boundary, and internal structures, which provide support for floors and walls. 
Because of their low weight-to-volume ratio, inflatable structures are especially useful in 
space applications. In addition to being lightweight, inflatable structures offer the 
advantage of being deflatable. Existing vehicles, such as the space shuttle, can transport 
the compact deflated structures into space. Due to weight, space, and fuel considerations, 
an inflatable structure can be transported at a lower cost than a prefabricated structure. For 
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these reasons, NASA chose inflatable structures as the most feasible solution for 
conceptual design [5]. 

Figure 2 shows the habitat layout proposed in NASA’s 90 Day Study [1]. To 
guard against radiation, the habitat lies partially underground. When inflated, the habitat 
shell supports the weight of the the protective regolith layer [3]. At least two airlocks 
connect to the spherical structure for access to and from the lunar surface. The 
underground position of the habitat enables crew members to enter through the airlocks, 
located on the central level [1]. 

1.2 Project Requirements 

After studying the proposed lunar habitat and background information, the team 
identified several project requirements. The first project requirement was the development 
of substructure designs that satisfy the spatial and equipment layout concepts. 
Substructures include vertical supports, horizontal supports, and structural connections. 
During the design of the substructures, the team investigated several construction materials. 
The next requirement was development of an assembly plan for constructing the 
substructures. The assembly plan includes investigation of equipment to aid in habitat 
construction and investigation of assembly sequences. Finally, the team constructed a 
concept scale model of the substructures to demonstrate feasibility. Site preparation, 
airlock design, inflatable shell design, interior wall design, and foundation design were not 
included in the project requirements. 
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1.3 Design Criteria 


To satisfy the project requirements, the project team identified several design criteria 
for evaluating alternate designs: 


1.3.1 Material Considerations 

1 . Material mass and volume must be minimized to reduce transportation 
costs. 

2. Material packages must fit within the cargo areas of existing transporting 
vehicle. 

3 . The material must withstand structural loading without yielding in tension, 
compression, or shear. 

4. Material not inside the protected habitat environment must withstand 
exposure to radiation and extreme temperature fluctuations. 

1.3.2 Structural Considerations 

1 . The structure must be designed to provide a safety factor of four on load- 
bearing members [2]. 

2. The structure should be adaptable to various inflatable habitat geometries 
and sizes. 

3 . The support structures should accommodate all piping and ventilation 
systems (fire protection, waste, power, water, etc.). For example, the 
structure should provide adequate space and strength for the placement of 
ventilation ducts throughout the habitat. 

4. The design must provide structural redundancy in case of collapse. 

5 . Each level of the structure must be able to support 20.83 lbf/ft 2 moon load 
for experimental areas and 8.33 lbf/ft 2 moon load for living areas [3]. 

6 . The platforms must accommodate various living and equipment 
arrangements. 

7 . Assembly and disassembly time on the lunar surface must be minimized. 
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1.3.3 Maintenance Considerations 


1 . Repair time must be minimized and repair must be accomplished on the 
lunar surface. 

The team chose to design the internal support structure system with emphasis on 
maximizing use of available space, minimizing structural weight, and minimizing structure 
assembly time. 

1.4 Proposed Design Methodology 

In order to fulfill the project requirements, the team selected a six step design 
methodology. The first step in the design process was problem definition. Problem 
definition includes identification of project requirements, design criteria, and scope and 
limitations. Upon completion of problem definition, a literature review began. Review of 
previous design reports and journals took place during the literature review. The next step 
of the design process involved the creation of alternate design solutions. The team created 
alternate design solutions, and then performed a feasibility study on each design solution. 
The design criteria, developed earlier, provided a basis for evaluation of the alternate 
designs. Employing a decision matrix, which includes the design criteria, allowed efficient 
comparison of the alternates while choosing the most feasible design. Creation of a 
detailed design solution followed the feasibility study. Finally, as a demonstration of 
feasibility, the team constructed a concept scale model of the completed internal support 
structure of the lunar habitat. 
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ALTERNATE DESIGNS 


2.1 Introduction 

After identifying the project requirements, the team divided the design project into 
three components. The components include support structures, assembly methods, and 
materials. Before beginning the alternate designs for each component, the team chose a 
diameter for the habitat. To satisfy spatial requirements, the minimum feasible sphere 
diameter for is 10 m [1], To determine the maximum sphere diameter, the team used the 
shuttle cargo bay dimensions as a limiting factor. The cargo bay is 18.3 m (60 feet) long 
and 4.6 m (15 foot) in diameter [3]. Using a the diameter of a pre-assembled core as a 
maximum material package dimension, the team determined that 16 m is the maximum 
diameter sphere that can fit in the shuttle cargo bay. These dimensions allow a 2 m 
clearance between the sphere and the cargo bay wall. NASA engineers provided concept 
layouts and load requirements for a 16 m sphere [1]. With approximately 2.6 m between 
each level, the 16 m sphere allows space for five levels. This section describes alternates 
for each of the support components, assuming a sphere diameter of 16 meters. 

2.2 Support Structures 

Support structures must support all static and dynamic loads placed on the 
structure. In the event of a vehicle landing in close proximity, the habitat may undergo 
dynamic loading. Because vehicles will land near the habitat only in cases of emergency, 
the team assumed static loads for the structure. To fulfill the design criteria for support 
structures, the team divided the support structures into three components. The components 
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include vertical supports, horizontal supports, and structural connections. Each support 
component, as well as advantages and disadvantages, is discussed in this section. 

2.2.1 Vertical Supports 

The vertical supports must carry all vertical loads within the inflatable structure. 
Loads to be supported include equipment, housing facilities, various support systems 
(piping, air ducts, etc.), and crew members. Load estimates show that the floors must 
support 20.8 lbs/ ft^ moon load in experimental areas and 8.33 lb s/ft 2 moon load in living 
areas [1]. The team developed six alternate designs to support the vertical loads. Alternate 
designs include arches, lunar lander supports, suspension systems, truss systems, multi- 
level support columns, and individual floors. Each of the alternates, as described below, 
provides space in the central area of the habitat for transportation between levels. 

2.2.1. 1 Arches. The first alternate uses arches to support vertical loads. 
Figure 3 shows the arch arrangement. A number of arches support each level of the 
habitat. Preliminary calculations show that each level requires at least eight arches to 
provide adequate support. Appendix B3 contains the preliminary support calculations. 
Because of space limitations on the first and fifth floors, columns, rather than arches, 
support these levels have. To transfer vertical loads to the external support frame, the 
internal supports contact the inflatable shell through reinforced areas, called hard points. In 
the arch design, the lower half of the inflatable shell contains the hard points. The external 
frame supports the central columns formed by the arrangement of the arches as well as the 
perimeter columns. 


9 


Figure 3. Cross sectional view of the arch design. 


The arch design provides several structural advantages. The use of arches, aligned 
to transfer force to the external supports, minimizes the number of hard points needed on 
the inflatable shell. Because the arches transfer loads through the columns to the external 
foundation, the structure only requires hard points at the bottom level. By minimizing the 
number of hard points, arches reduce the risk of damage to the inflatable shell. Other 
advantages of arches include simplicity of design and operation. Arches transfer all applied 
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loads to the columns, eliminating the need for additional supports at the center sections. 
Because of the force transfer mechanism, arches are widely used structural members that 
provide sound support for various structural configurations [11]. 

Although the arches provide many advantages, they also have disadvantages. 
Because the arches of each level depend on the arches below for support, the design allows 
for potential series failure. If the first level of the structure fails, the entire structure will 
collapse. Another consequence of the dependence of the floors is the need for larger 
members at the bottom of the structure. Because the arches at the lower levels of the habitat 
support more weight than the arches of the top levels, arch column diameter increases as 
the distance from the top of the inflatable shell increases. In addition to being structurally 
dependent, arches are voluminous compared to other structural members. The arches 
cannot be shaped to conform to the spherical structure. Finally, to transport the arches to 
the moon, they must be divided into sections. Dividing the arches creates more parts to 
assemble once they are on the moon, which increases assembly time. 

2.2.1.2 Lunar Lander Supports. Previous design teams suggested several 
designs for lunar landers. In one design, the lander carries the deflated habitat in a cargo 
bay located on the lander platform [12]. The craft has excavating machinery attached, and 
when it lands, the attachments excavate regolith from beneath. When enough regolith is 
removed, the sphere inflates. The lander, with the cargo and engines removed, provides 
structural support for the above-ground levels of the habitat. The lander legs support the 
floors of the habitat through hard points on the inflatable shell. Columns connected to the 
external frame provide support for the below-ground levels. Figure 4 shows the lander- 
habitat configuration. 
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Figure 4. Cross sectional view of the lunar lander supports. 


There are several advantages to using the lander for structural support of the habitat. 
The design reduces costs by providing multiple uses for the lunar lander parts. The lander 
transports cargo, excavates the site, and supports habitat structures. Positioning the lander 
platform above the habitat provides radiation protection for the inflatable structure. Unlike 
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the arch alternate, the lunar lander provides structural independence. If one of the floors 
fail, the other floors will support the system. Finally, because the support columns are 
exterior to the habitat, maximum space is available within the habitat. 

The number of hard points required for the lander supports is one disadvantage of 
the design. Each connection to the lander legs requires a hard point on the inflatable shell. 
Although the lander design provide structural independence, the angled supports of the 
structure are inefficient compared to perpendicular members. Angled members are more 
susceptible to failure because of the load distribution. Another disadvantage to using the 
lander for support is the required site preparation. Much like construction on earth, the soil 
supporting the habitat must be compacted. Because of the supports extending horizontally 
from the habitat, this design also requires that the soil around the habitat be compacted. 
The required site preparation increases assembly time of the habitat. The limited working 
space under the lander and the complexity of the support structures are two additional 
disadvantages to this design. Finally, because the supports connecting to the lander are 
external to the habitat, crews must wear EVA suits to perform work outside the protected 
environment of the habitat. EVA suits inhibit the mobility of the crew which increases 
assembly time. 

2.2. 1.3 Suspension Systems. Unlike other alternates that have columns in 
the central core area, the suspension system alternate contains one continuous central 
column for vertical support. The floors of the habitat attach to the central column like 
cantilever beams. At the perimeter of each level, tension bars or cables support the floors. 
Contact between the central column and the external supports at the bottom of the habitat 
provides force transfer to the lunar surface. Figure 5 shows the configuration of the 
suspension system. If necessary, additional support columns may be placed exterior to the 
habitat to reduce the load on the central column. 


13 




Figure 5. Cross sectional view of the suspension system. 
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The greatest advantage to using a suspension system is the reduced number of hard 
points. Because the system does not require columns connecting to the external frame, 
hard points are only necessary at the bottom of the habitat. Other advantages to the 
suspension system include minimal size of the members before assembly and maximum 
use of available internal space after assembly. A final advantage is that the members of the 
structure can be used in various geometrical configurations. 

There are several important disadvantages to using the suspension system. Because 
of the angle of the members, the tension bars are not in pure tension. The added forces 
cause instability in the members that may lead to failure. Another disadvantage is the 
structural dependency of the system. If one bar or hanger fails, the entire structure may 
fail. Finally, because of the complexity of the structure, crews must have special training 
to assemble the system. 

2.2.1.4 Truss systems. Trusses around the perimeter of each level provide 
vertical support in this alternate design. Much like Walt Disney's Experimental Prototype 
Community Of Tomorrow (EPCOT) Center in Florida, the trusses form a spherical 
structure [13]. Figure 6 shows the truss configuration. The internal structure only contacts 
the inflatable shell at the lowest level of the habitat. Each floor connects from the perimeter 
trusses to a column in the center of the habitat. 


15 



Figure 6. Cross sectional view of the truss system. 


Truss systems offer several advantages in structural applications. The members of 
the truss are lightweight and compact compared to columns or beams. The compact size of 
the structure minimizes required transportation space, and the lower weight reduces 
transportation costs. Because the truss system does not require perimeter columns, 
maximum space within the habitat is available, and the number of hard points is minimized. 
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Unlike the previous designs, the truss system is a proven concept. Walt Disney's EPCOT 
Center provides proof that the truss system works in a spherical configuration [13]. 

One possible design solution for the truss system is to use an expandable truss 
system. In this system, sections of the truss system are pre-assembled to fold and unfold. 
A disadvantage to using the expandable system is that the assembled joints require 
attachments to lock them in place. The attachments increase the number of connections, 
increasing assembly time. A final disadvantage to the truss system is the dependence of the 
truss members on each other. Failure in one part of the system can lead to catastrophic 
failure. 

2.2.1.5 Multi-level Support Columns. In the multi-level support column 
alternate configuration, columns provide vertical support for the floors. Each set of eight 
columns supports two consecutive floors. For example, the forces of floors two and three 
transfer to the external support through the same columns. Figure 7 shows the column 
arrangement. Eight columns on each floor, four at the perimeter and four at the center, 
provide vertical support. The contact points between the external support and the columns 
provide force transfer to the lunar surface. 
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Figure 7. Cross sectional view of the multi-level support columns. 


By providing support for multiple levels, this alternate provides structural 
independence, reducing the possibility of series failure. The multi-level support design 
requires fewer support columns than the other alternates. By limiting the number of 
columns required, the design limits the number of parts to be assembled. 
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The possibility of buckling in the columns introduces problems in the multi-level 
design. Columns supporting the upper habitat levels must be longer than columns 
supporting individual levels. Euler’s equation for buckling shows that the length of a 
member is inversely proportional to the force the member can support [20]. Therefore, 
longer columns require a larger diameter to prevent buckling. The greater size of the 
columns is a disadvantage because the columns require more room for transportation and 
weigh more than truss members. The size of the columns increases assembly time because 
crews need mechanical assistance for lifting. Finally, location of the columns within the 
habitat decreases the amount of available space. 

2.2.1.6 Independent Levels. Separate columns provide support for each 
level of this alternate, providing structural independence. At least four columns arranged 
around the center of the habitat transfer force from each level to the external supports at the 
bottom of the habitat. Each column extends downward through the lower level floors to 
the external supports. Figure 8 shows the arrangement of the central columns. Columns 
exterior to the habitat, at the perimeter of each level, support the floor loads. The columns 
for above ground floors attach to the frame extending horizontally from the habitat. The 
columns for below ground and ground-level floors attach directly to the external frame. 
Each exterior column attaches directly to the external frame. 
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Figure 8. Cross sectional view of the independent level design. 
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This design has an advantage over other designs because it limits the possibility of 
series failure by providing structural independence. 

There are several disadvantages to the independent level design. Like the lunar 
lander design, this design requires additional site preparation. Again, the habitat supports 
rest on the regolith, requiring that the area be compacted. Also similar to the lander design, 
the independent floors require assembly of support members external to the habitat. The 
complex arrangement of the columns increases the number of parts required, increasing 
assembly time. In addition, the use of columns to support each floor individually requires 
hard points on each level in at least four places. Because the columns inside the habitat 
must be lengthy in order to support the top levels, potential buckling problems exist. 
Finally, the increase in number of assembly parts, size of the parts, and weight of materials 
to be transported to the moon, increases the transportation cost. 


2.2.2 Horizontal Supports 

Horizontal support members support the weight of the floors, equipment and 
furniture placed on the floors, and crew members. In addition to supporting these loads, 
the horizontal supports transfer loads to the vertical support members. The main design 
considerations for the horizontal supports were deflection minimization, buckling 
prevention, and bending and shear stress minimization. The team considered five alternates 
for the horizontal supports: beams, trusses, expandable trusses, floor/truss systems, and 
box girders. This section describes each horizontal alternate. 

2.2.2.1 Beams. The first alternate for horizontal supports is beams. On each 
level of the habitat, eight beams extend radially from the central core toward the inflatable 
shell. Cross beams, connected to each of the radially placed beams, provide additional 
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support for the floor systems. Figure 9 shows the configuration of the beams. Each floor 
has the same beam configuration. Advantages of using beams for horizontal support 
include minimizing the number of members required, maximizing the space available for 
floor use, and minimizing floor deflection. The disadvantages of beams are the weight and 
size of members needed to support structural loads. Because beams must be large in order 
to support loads, crew members must have mechanical aid to lift the parts. 



Figure 9. Horizontal support beam or truss configuration. 


I 2. 2.2.2 Trusses. Trusses providing horizontal support extend radially from the 

central core in the same fashion as the beams. Figure 9 shows the configuration. Again, 
eight trusses connect in a radial configuration with several trusses as cross members. 


22 







There are several advantages to using trusses as horizontal supports. The members are 
smaller than beams and crew members should not need mechanical assistance for lifting. 
The light weight of the members reduces transportation costs. Finally, trusses minimize 
floor deflection. Truss sizes depend on the loads to be supported. Trade-offs in truss 
height, truss member diameter, and truss member angles must be considered when 
designing to specified loads. In order to minimize transportation costs and maximize 
available space in the habitat, the team decided to minimize truss member size and weight. 
As the diameter of the truss members decreases, the truss height required to hold a 
specified load increases. Following this assumption, the major disadvantage to using 
trusses is their height compared to beams. 

2.2.2.3 Expandable Trusses. Expandable trusses are trusses that collapse 
for disassembly and expand for assembly. The expandable system collapses and expands 
using scissor-like actions. The joints in the truss allow the bars to fold together when the 
lower bar is removed. To provide horizontal support, six expandable sections connect 
together at a central location. During shipping, the structure collapses around the center 
connector. For assembly, the sections expand and the lower bar holds the sections rigidly 
in place. The expanded sections connect to other expanded sections to form a network of 
trusses. Figure 10 shows the attachment of the expandable sections. This design 
minimizes the required transportation storage space. Another advantage is that the trusses 
are pre-assembled, minimizing assembly time on the moon. Finally, the uniform length of 
the truss members and varying expandable section sizes provides adaptability to various 
geometries. In addition to the height disadvantages of the rigid truss system, expandables 
require more connections. When the expandable truss is positioned, the joints require 
attachments to lock them in place. The additional attachments increase the assembly time. 
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2.2.2. 4 Floor/Truss Systems. The floor/truss system combines horizontal 
support trusses with a floor system. Sections of the floor/truss system connect together in 
a network similar to the network of the expandable sections. The network extends radially 
outward from the central core toward the inflatable shell. Figure 1 1 shows the 
configuration of the network. This system provides all the advantages and disadvantages 
of the trusses. Additional disadvantages of the floor/truss system are the space required for 
transportation and the weight of the sections. Because each section contains the horizontal 
support members as well as the floors, the sections are heavier than other alternates. A 
final difference is that the floor/truss system minimizes assembly time on the moon, while 
the truss systems minimizes assembly time on earth. 
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Figure 11. Floor/truss system and box girder section configurations. 


2 . 2 . 2. 5 Box Girders. Box girders are similar to the floor/truss system. 
Instead of trusses, the floor connects to hollow beams. Figure 1 1 shows the box girder 
configuration. The arrangement of the box girders as floor supports is the same as for the 
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floor/truss system. Like the floor/truss systems, the box girders minimize assembly time 
on the moon, minimize deflection, and are adaptable to different configurations. Although 
there are many similarities between box girders and floor truss systems, the box girder 
beams are usually more massive than the truss members. 


2.2,3 Structural Connections 

The principle function of any structural joint is transferring forces safely between 
the members meeting at that joint. If the joints in a structure are weaker than the structural 
members, failures will occur at the joints. For this reason, fastening mechanisms are an 
integral part of any structural design. Because the behavior of connections depends on 
loading conditions, selection of structural connections depends on the type and magnitudes 
of the applied loads. Loading possibilities for the habitat support structure included static 
and dynamic loading. Loads include shear, tension, compression, fatigue, and vibration. 
Engineers who design structures with connections that exhibit higher failure stresses than 
the structural members often chose to neglect the effects of the joints on the behavior of the 
structure [ 16 ]. 

In considering alternate structural connections, the team identified several design 
considerations. The considerations include joint strength, connection rigidity, slip 
prevention, and joint ductility. Permanence of the joint was also a consideration in 
choosing connections. Because the habitat may require disassembly after use, the team 
chose not to consider adhesive bonding techniques. Connectors considered as alternates 
included pin connections, nut and bolt connections, and weld connections. Included in the 
pin connection category were cotter pins and knuckle joints. This section provides 
information on typical applications of each connecting mechanism. 
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2.2.3. 1 Pin Connections. The primary function of structural pins is 
transmitting shear forces. Ideally, pins undergo shear loading only. Actually, most pins 
experience a combination of bending and shear loading. In many cases, bending and shear 
stresses can be simply expressed in terms of the average compressive stresses on the 
projected pin area [17]. Exceptions include pins with lengths less than or equal to the 
diameter. For these cases, the combined effects of bending and shear should be included in 
calculations. Because of the variable behavior of pins undergoing loads, pin design 
requires careful consideration of the loads applied. In using pins for structural 
connections, designers must take into account the approximations made concerning the 
behavior of the joints. 

Several types of connections employ pins as fastening devices. Two commonly 
used connections are cotter joints and knuckle joints. In applications where simplicity, 
assembly time, and disassembly time are important, cotter joints provide structural 
integrity. Cotter joints consist of keys, sockets, and shanks. The shank is usually a 
cylindrical part and fits into the key to hold the parts in place. Compression of the key and 
extensions of the opening in the sockets resist the external force applied along the shank. 
Figure 12 shows the cotter pin configuration [17]. Designers can assemble cotter joints for 
unstrained or prestressed conditions, depending on the loading. Design considerations 
differ for the two conditions. For the unstrained conditions, shear and compression govern 
the pin design, crushing and tension govern the socket design, and tensile strength governs 
the shaft. Cotter pins provide structural integrity for shear, compression, or tension 
loading. 


28 



Shank 





Figure 12. Section view of a cotter pin joint [17]. 


Knuckle joints consist of cylindrical pins placed through eyebars to join the 
structural members. The primary design consideration for knuckle joints is the strength of 
the pin. Loading conditions under which knuckle joints exhibit the greatest strength 
include tension, tear-out shear, and local compression due to pin contact. Figure 13 shows 
the configuration of the knuckle joint [17]. When loaded, knuckle joints undergo 
unavoidable local deformation of the pin and contacting parts. In most cases, designers use 
the average compressive stress on the projected area of the pin as a worst case situation. 
The maximum bending stress in the knuckle joint pins is located at the extreme fiber while 
the maximum shear is at the centerline. 


! 
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Figure 13. Partial section view of a knuckle joint [17]. 


2.2.3.2 Nut and Bolt Connections. Nuts and bolts are among the most 
commonly used structural connections today. Bolts can act in shear, tension, or a 
combination of both. In simple joints, designers model bolts as acting in shear only [16]. 
In addition to being used in pure shear, bolts can be used in pure tension. One of the major 
design concerns when using bolts in pure tension is slip in the joint. Many designers use 
bolts in tension as hangers for air handling units. Bolted connections also prove useful 
under combinations of shear and tension loading. Forces carried by the bolts depend on 
preload, external force, and the spring constant of the entire joint. In general, bolts can 
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tolerate higher clamping forces and exhibit higher strength under shear loading than other 
fastening mechanisms [16]. 

2.2.3.3 Weld Connections. Welding, like nut and bolt fastening, is a popular 
connection method. The primary functions of a weld connection are to transfer stress 
across a mechanical boundary and to maintain a geometrical relationship between the 
various components of a system [17]. Because of structural disassembly concerns, the 
team only considered weld connections for members to be assembled before transportation 
to the moon. Design considerations for welding include weld strength, stiffness, 
deformation, load capability, and economy. Permissible stresses on welded joints depend 
on the base metal, weld metal, and type of weld [16]. In general, stresses should be kept at 
a minimum because residual stresses in weld connections can approach the yield strength of 
the weld material and cause failure. 

In order to join two parts, welders must have knowledge of types of welds, 
allowable stresses, working equations, material limitations, and behavior of welded joints. 
This required knowledge is a disadvantage in using welds rather than conventional 
connection methods. Another problem encountered in welding is distortion. Distortions of 
the base metal may result from residual stresses in the material. With proper care in 
welding, welders can avoid these stresses. Although weld connections require specialized 
labor, they do offer advantages over other connection methods. If the procedure is 
performed properly, welds are simpler, more compact, and lighter weight than nuts and 
bolts or pins. Welds also avoid complications such as drilled holes and structural framing. 
A final advantage to welding is the minimal maintenance required compared to other 
fasteners. 
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2.3 Assembly Methods 


Like structural connections, assembly methods are dependent upon the alternates 
chosen for horizontal and vertical supports. The assembly method also depends on the 
type of connections chosen. Due to time constraints, the team decided to design the 
structure assuming that humans, not robots will construct the habitat. Because the habitat 
will be constructed manually, the team emphasized simplicity of assembly methods and 
connections. Additionally, providing simple connections allows crews to work in EVA 
suits. In the event of pressure loss, the crew wear suits to repair the structure. This 
section describes possibilities for assembly methods including a crane, a pulley-rail system, 
elevators, and a conveyor belt. 

2.3.1 Crane 

Attaching a crane to the top of the central core allows crew members to lift and hold 
structural members in place. The crane rotates around the core enabling assembly of the 
various levels. Figure 14 shows the crane assembly. Crews attach the crane to the central 
core before packaging the structure for shipping. The pre-assembled central core and 
attached crane rest inside the deflated shell. For assembly, the crew uses cranes already on 
the lunar surface to hold the core in place [12]. The shell of the habitat is then inflated and 
assembly of the internal structures begins. By having a pre-assembled core, this assembly 
method reduces assembly time on the moon. The crane enhances the assemblability of the 
structure because it handles various size and weight members, and supports members 
during connection. After completion of habitat construction, the crane can be used for 
other purposes within the habitat. Disadvantages to the crane system include the size and 
weight of the crane assembly. Because the crane rests on the central core columns, the 
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columns must be larger in order to support the weight of the crane and the horizontal 
supports. Finally, size limitations within the sphere limit mobility of the crane. 



Figure 14. Cranes provide vertical, horizontal, and radial motion. 


2.3.2 Pulley-Rail System 

Like the crane, the pulley-rail system attaches to the central core of the habitat. The 
pulleys run on a rail system which extends radially from the core toward the inflatable 
shell. Several circular rails enable the pulleys to move outward to various diameters. 
Figure 15 shows the configuration of the rail system. To aid in lifting and positioning 
members during assembly, crew members place the motorized pulley along the rails in 
various positions. The entire rail system moves vertically along the central core. 
Advantages of the pulley system include simplicity and versatility of the mechanism and 
reduced assembly time. Upon completion of assembly, the pulleys can be used for other 
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projects. An advantage of the pulley system over the crane is the lighter weight of the 
system. One disadvantage of the pulley system is the complexity of constructing the rail 
system. The system is too large to be connected to the central core before shipping, so 
crews must assemble the system on the moon. 



2.3.3 Elevators 

An elevator, located in the central core, enable crew members to transport materials 
vertically within the structure. Figure 16 shows the location of the elevator. This system 
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requires the use of one continuous central core to support the elevator. After assembly of 
the habitat, the elevator can transport the crew members between floors. An advantage of 
elevators is that they can be assembled inside the core before transportation. Unlike the 
crane or pulley-rail system, the elevator fits within the central core. Crews on earth 
complete elevator assembly before shipping the equipment to the moon. One major 
disadvantage to using elevators is space limitations. Transporting structural members 
between floors requires the members to fit inside the elevators. Another disadvantage of 
the elevators is that they do not provide support for members during assembly. The final 
disadvantage to elevators is the lack of mobility. Members can only be transported 
vertically within the central core, so the crew must transport structural members 
horizontally inside the habitat. 


Elevator 



Figure 16. Elevators mounted inside the central core. 
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2.3.4 Conveyor Belt 

In this assembly method, a conveyor belt attaches to the airlock to aid in 
transporting material to the various levels of the habitat. Figure 17 shows the conveyor belt 
assembly. As crews complete construction of various levels, they move the conveyor up to 
the next level. The conveyor belt offers the advantage of not requiring a bulky, continuous 
central core. Also, after completing construction, crews can remove the conveyor belt to 
use it for other purposes. There are several disadvantages to using a conveyor belt. The 
conveyor is too large to fit within a pre-assembled core for transportation. Installing the 
conveyor belt after habitat inflation increases assembly time. Crews cannot move materials 
completely across the habitat because of the space limitations. The conveyor belt does not 
fit across the entire sphere, so crews must move structural members manually after entrance 
through the airlock. 
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Figure 17. Conveyor belt used for transporting materials. 


2.4 Materials 

To choose alternate materials for the support structures, the team focused on several 
criteria. The main criteria include strength-to-density ratios, compressive strength, tensile 
strength, density, and coefficient of thermal expansion. Because the inflatable shell 
provides protection for the completed structure, radiation effects and atmospheric effects 
were not concerns for material selection. The materials chosen for consideration were 
aluminum alloys, titanium alloys, and reinforced polymer composites. Because structural 
steel is one of the most commonly used metals for terrestrial structures, the team used its 
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properties as a basis for comparison. Figures 18 through 22 show comparisons between 
properties of the alternate materials. 

2.4.1 Aluminum Alloys 

Aluminum alloys are popular in space applications for several reasons. The major 
reason for their popularity is the high strength-to-density ratio compared to other metal 
alloys. The density of aluminum can be as little as 1/3 the density of structural steel [7]. 
Manufacturers of aluminum increase the strength-to-density ratio of the metal by adding 
lithium. The substitutional atoms of lithium increase the strength and decrease the density 
of the aluminum alloy structure. Adding as little as 1 percent lithium decreases the density 
of the metal by 6 percent [8]. Other reasons for the popularity of aluminum alloys include 
lower cost, better machinability, and better weldability than structural steel. Heat treatable 
alloys are useful in structural applications because they have good manufacturing 
characteristics. The alloys chosen for alternates were the 2XXX, 6XXX, and 7XXX 
series aluminums. 

2.4.1.1 2XXX Series. Because they are high strength alloys, the 2XXX 
series aluminums are good candidates for structural applications. Yield strengths of the 
2XXX series aluminums range from 70 to 455 MPa [8]. Heat treatable 2XXX series 
aluminums include 2011, 2014, 2017, 2018, and 2024 alloys. The team did not consider 
the 2024 aluminum as a candidate material because, compared to the other 2XXX series 
aluminums, it has poor formability and weldability [8]. Although copper is the main 
alloying element in 2XXX series aluminums, other elements can be added to alter the 
properties of the metal. Other alloying elements include lithium, manganese, nickel, 
titanium, and chromium. 
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2.4. 1.2 6XXX Series. Although the 6XXX series aluminums are medium 
strength alloys, they have other qualities that make them good candidates for structural 
applications. Strengths of the 6XXX series range from 50 to 380 MPa [8]. Heat treatable 
alloys in the 6XXX series include 6061, 6062, 6063, and 6151 alloys. The 6061 and 
6063 alloys have better weldability and formability than the 2XXX series aluminums. 
Magnesium and silicon are the main alloying elements for the 6XXX series. These 
alloying elements increase the castability and strength of materials. 

2.4.1.3 7XXX Series. The 7XXX series aluminums are high strength alloys. 
The yield strengths range from 95 to 625 MPa [8]. Heat treatable alloys include 7075, 
7079, and 7178 alloys. The team only considered the 7075 and 7178 alloys as candidates 
because the weldability and formability of the 7079 alloy is lower [8], The main alloying 
element in the 7XXX series aluminums is zinc, which is a well known element for solid 
solution strengthening of materials. 

2.4.2 Titanium 

Like aluminum, titanium is a popular metal for space applications. There are 
several reasons for the popularity of titanium. Titanium alloys are available with densities 
as low as 1/2 the density of structural steel [8], High specific strengths and fatigue 
resistance compared to steels are other factors adding to titanium's popularity. 

There are five grades of titanium alloys. As with most materials, there are trade- 
offs between the mechanical properties of the alloys. For the best formability and ductility, 
grades 1 and 2 should be used [8]. Grades 3 through 5 have higher tensile and yield 
strengths, but lower formability and ductility. Grade 4 has the highest hardness with yield 
strength of 482 MPa. Although titanium alloys have higher strength and ductility than the 
aluminum alloys, their weldability is lower. Titanium and its alloys cannot be welded in 
air. The metals must be welded in a vacuum or inert gas [7]. Adding elements such as 


39 



aluminum and vanadium increases the weldability and strength of some alloys. Like 
aluminum, the cost of titanium is higher than that of structural steel. Another disadvantage 
of titanium is that coatings must be used to provide wear resistance. 

2.4.3 Reinforced Polymer Composites (RPC) 

In the past decade, research of polymer composites has steadily increased. There 
are many new materials available for use today. Recent commercial interest in fiber 
reinforced polymers for structural applications led the team to investigate fiber reinforced 
composites with high strength-to-density ratios [9]. The materials found to have the 
highest strength-to-density ratios were carbon fiber reinforced polymers, glass reinforced 
polymers, and aramid fiber reinforced composites. Composites with densities as low as 
3/5 the density of structural steel are commercially available [9]. 

In fiber reinforced polymers, the fibers are the load-carrying members [10]. The 
surrounding matrix holds the fibers in place and acts as a load transfer medium between the 
fibers and other structural supports. Other functions of the matrix include protection of the 
fibers from damage due to elevated temperatures and humidity [10]. Manufacturers of fiber 
reinforced polymers control the mechanical properties of the material through the stacking 
process. Stacking layers of the thin fibers gives the composites a lamellar structure. 
Mechanical properties of the materials vary according to the number and orientation of the 
layers. Composites with specific strengths up to six times greater than that of structural 
steel are possible [9]. 

Many polymer matrices exist for commercial use in fiber reinforced composites. 
Among the popular matrix materials are epoxy resins, polyesters, and polyether etherketone 
(PEEK). For applications where high strength, stiffness, and toughness is required, epoxy 
resins are preferred over polyesters [9]. Thermosetting epoxies containing carbon or 
aramid fibers provide a higher range of operating temperatures than the thermoplastic 
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PEEK [15]. Carbon and aramid fiber reinforced epoxies are gaining increasing recognition 
as materials for aerospace applications [15]. For this reason, the team chose to investigate 
fiber reinforced epoxy matrices. 

2.4.3.1 Carbon Fiber Reinforced Polymers (CFRP). Carbon fibers 
offer the highest strength of all reinforcing fibers [9]. The fibers do not suffer from stress 
corrosion or rupture failures at room temperature. Compared to other reinforcing fibers, 
carbon fibers offer outstanding high temperature strength. Starting materials for carbon 
fibers include rayon and polyacrylonitrile (PAN) [9]. For higher temperature service and 
higher strengths, the PAN provides better characteristics. Although the matrix in which the 
fibers are placed may be affected, carbon fibers are not affected by moisture, atmosphere, 
solvents, bases, or acids at room temperature [9]. The most common method of shipping 
carbon fibers is to place them in an epoxy environment [9]. Placing the fibers in epoxy 
provides abrasion resistance during handling and also provides an epoxy matrix compatible 
surface. To use other polymer matrices, special treatments must be used. Because of the 
compatibility of PAN produced carbon fibers with epoxy resins, the properties of these 
materials were used in Figures 18 through 22 for material property comparisons. 

2.4.3.2 Glass Fiber Reinforced Polymers (GFRP). Glass fibers, 
produced from silica and the silicates, exhibit bulk glass properties. These properties 
include strength, flexibility, lightness of weight, and processability [9], Compared to 
unreinforced polymers, glass reinforced polymers exhibit high stiffness, strength, and 
toughness. The glass reinforcement also provides dimensional stability. Because the glass 
fibers use organic binders or coatings, the presence of radiation is an important design 
concern. Commonly used organic coatings are readily degraded by all kinds of 
radiation [9]. 
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The three main types of glass fibers used for polymer reinforcement are E-glass, 
C-glass, and S-glass fibers. For applications requiring strength and electrical resistivity, 
E-glass fibers are preferred. C-glass provides good characteristics in composites that 
contain acidic materials. When the application requires high tensile strength, S-glass fibers 
are preferred [8]. Because S-glass fibers provide the highest strength, the team chose S- 
glass as an alternate. Figures 18 through 22 compare the properties of S-glass fibers to the 
aramid fibers, carbon fibers, and metals. 

2. 4.3. 3 Aramid Fiber Reinforced Polymers. All aramid fibers are 

variations of poly para-phenyleneterephthalamide. They are thermoplastic polymers that, 
upon heating, decompose before reaching their melting points [9]. The manufacturing 
processes for aramid fibers are complex and involve aggressive chemical species. Aramid 
fibers exhibit better qualities than the S-glass fibers for high tensile strength applications. 
Although the aramids exhibit high tensile strengths, the compressive strengths are 
considerably lower than those of the carbon fibers. Unlike the carbon fibers, aramids 
absorb moisture and show poor adhesion to metals. Compared to the glass fibers, aramid 
fibers show higher strength, lower density, and higher toughness. The most widely used 
aramid fiber for structural applications is the DuPont trademark material, Kevlar 49 [9], 
For this reason, the team chose to use Kevlar 49 properties for material comparisons. 
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Figure 18. Comparison of material densities. 
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Figure 19. Comparison of material tensile strengths. 
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Figure 20. Comparison of material tensile strength-to-density ratios. 
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Figure 22. Comparison of material coefficient of thermal expansion. 
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FEASIBILITY STUDY 


After completing the alternate designs, the team determined the feasibility of each 
alternate. Employing decision matrices allowed for comparison of the alternates in an 
organized and logical fashion. The decision matrices use the design criteria as a basis for 
comparing alternate designs. Appendix A contains the decision matrices for each of the 
alternate components and an explanation of the comparison method. Using the method of 
pairs, the team determined design consideration weighting factors by comparing each of the 
design considerations. After determining the weighting factors, the team rated each of the 
alternates according to how well the alternate fulfilled the design considerations. 
Qualitative as well as quantitative factors aided in the rating process. Table I- A in 
Appendix A shows the rating scale. Numerical rankings calculated from the weighting 
factors, and ratings for each alternate provided a basis for comparing the alternates. 

Table I gives a summary of the decision matrix results. Fiber reinforced 
composites ranked the highest of the materials alternates. The composites provide the 
highest compressive strengths and strength-to-density ratios. The highest ranked vertical 
alternate was the truss system, shown in Figure 6. The truss system out ranked the other 
alternates by minimizing the number of hard points, minimizing post assembly size, and 
enhancing assemblability. In the horizontal support category, the expandable truss system, 
with higher assemblability, smaller pre-assembly size, and fewer members was the highest 
ranked. 
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Table I 


Feasibility Study Results 


Materials 


Vertical Supports 

Horizontal Supports 

Alternate 

Rating 

Alternate 

Rating 

Alternate 

Rating 

Aluminum Alloys 

64.7 

Independent 

Floors 

44.73 

Truss/Floor 

53.37 

Titanium Alloys 

66.9 

Suspension 

System 

51.07 

Box Girders 

62.70 

Fiber 

Reinforced 

85.0 

Lunar Lander 

54.72 

Beams 

71.38 

Composites 


Supports 






Multi-level 






Support 

Columns 

64.40 

Trusses 

73.39 



Arches 

71.32 

Expandable 

Truss 

83.73 



Truss 

Systems 

77.96 
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DESIGN SOLUTIONS 


After completing the feasibility studies for each alternate component, the team began 
creating design solutions. The support structure design solution includes expandable 
trusses for horizontal support, a truss system for vertical support, and pins, nuts and bolts, 
and welds for connecting the members. Properties of 7075 T73 aluminum served as a 
basis for structural design. The assembly method allows crews to construct the habitat 
without the use of EVA suits. This section explains the design solutions for each 
component and how the alternate components interact to form the completed support 
structure. 

4.1 Preliminary Calculations 

Before beginning the design of the support structures, the team performed various 
preliminary calculations. Included in these calculations were area calculations for each 
level, load calculations for each level, and size calculations for the piping and ventilation 
systems. The team based the area calculations on a 16 m diameter sphere with a 2 m 
diameter core. Subtracting 0.5 m from the diameter of each level allows clearance between 
the support member joints and the inflatable shell. Appendix B1 contains the results of the 
area calculations. After calculating the diameter of each level, the team determined 
maximum lengths and heights for the horizontal truss supports. The truss heights on each 
level depend on the truss length and spatial restrictions. To maximize available space 
within the habitat, the team assumed a minimum of 1.8 m (7 feet) between levels. From 
the spatial restrictions, the team determined the maximum truss heights per level. 
Appendix C6 contains truss length and height calculations. 
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After determining the truss heights, the team calculated ventilation duct sizes for 
each level. Required duct sizes decrease as the number of ducts increases. In order to 
determine the number of ducts required per level, the team assumed that all ducts must fit 
within the same space as the horizontal trusses. Calculating duct sizes for various 
combinations of branch and supply ducts allowed the team to determine the maximum duct 
sizes for each level. Because required pipe diameters are typically smaller than duct 
dimensions, the team used the largest duct dimensions for each level as worst-case 
dimensions. To fit all ventilation ducts within the same area as the trusses, the team used 
three supply ducts in the central core area and four branch ducts per level. Appendix B4 
summarizes the ventilation calculations. 

During the design process, the team focused on obtaining the most efficient truss to 
satisfy design requirements. Efficient trusses are trusses that minimize axial loads and 
support structural loads without buckling [19]. Load estimates, provided by NASA 
engineers, served as a basis for truss force calculations [1]. The largest estimated load 
served as the maximum load for the entire structure. In order to fulfill the design criteria, 
the team included a safety factor of four in the load estimates [2]. Appendix B2 contains a 
table of the load estimates for each level. To maximize truss system efficiency, there are 
several guidelines to follow. Minimizing the length and number of compression members 
reduces buckling possibilities and maximizing truss height reduces axial loads. There are 
trade-offs to consider in maximizing truss efficiency. For example, while increasing truss 
heights to reduce axial loads, designers lose available space within the structures [19], In 
choosing the final design, the team considered the trade-offs and designed the truss to meet 
the required design criteria. 
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4.2 Horizontal Support Solution 


After completing preliminary calculations, the team identified several horizontal 
support design considerations. Design considerations included supporting structural loads, 
limiting structure deflection, accommodating piping and ventilation systems, and satisfying 
spatial requirements. The first step in the horizontal support design was to calculate the 
loads on the eight radial members for each level. In order to calculate the forces on each 
member, the team divided each level into eight sections. Each radial member carries 1/8 of 
the total load on the level. From the area of each section and the force estimates per area, 
the team determined the distributed force along each radial member. Because the area of the 
sections increases as the distance from the core increases, the distributed loads are greatest 
at the perimeter of each section. Appendix Cl contains the force calculations. The 
calculations show that the distributed load on each member increases linearly as the distance 
from the central core increases. Level three supports the largest loads: 24.13 kN/m 
distributed load at the perimeter, and 731.2 kN on the entire level. The next step in the 
design was calculating the external reaction forces on the radial members. As expected, the 
team found that the reaction force at the point farthest from the core is the greatest. The 
reaction forces at the core and perimeter of level three are 30.04 kN and 61.30 kN, 
respectively. Appendix C2 contains calculations for the reaction forces. 

The next step in the design process was to decide on a truss configuration. The two 
configurations considered were cross trusses and triangle trusses. Figure 23 gives an 
example of each truss configuration. Cross trusses have joints in the center and at the ends 
of the web members. The triangular trusses only have joints at the ends of the web 
members. Because the cross truss configuration adds joints, increasing the assembly time , 
the team chose the triangular truss configuration. An additional reason for choosing the 
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triangular trusses is the uncertainty of the behavior of the pin joints in the cross trusses. 
Modeling the pins as acting in pure shear may introduce error into the analysis. 



Figure 23. Cross truss and triangle truss sections. 


Determining the applied loads and external forces acting on the radial members 
allowed the team to calculate the forces acting on each truss member. A finite element 
analysis program assisted in calculating the forces in each member. The input file included 
values for the applied loads, the number of truss members, material properties, and truss 
height. The program generated output for a truss fixed at both ends. Output included 
forces, displacements , and stresses per unit area on each truss member. The team used the 
maximum forces calculated from the program as a basis for designing the truss systems. 
Level three trusses contained the maximum tensile and compressive forces. The maximum 
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tensile force is 133 kN and the maximum compressive force is 111 kN. Appendix C3 
gives a summary of the maximum forces for each level. Finite element computer data, 
provided to the sponsor in a separate report, shows forces for each truss member. 

Performing force analysis on both compression and tension members allowed the 
team to calculate the minimum required truss member diameters. To calculate the required 
compressive truss member area, the team divided the largest compressive force in the 
system by the yield stress of 7075 T73 aluminum. Setting the result equal to the area of a 
hollow tube, and varying the outer diameter, allowed the team to determine possible inner 
and outer diameter combinations. Buckling analysis, using Euler's equations, showed that 
the minimum inner and outer diameters that support the critical load are 0.33 m and 
0.0277 m, respectively. To allow for standard connections and packaging, the team chose 
to set the outer diameters of the compressive and tensile members equal. Failure analysis 
on a tension member with a 0.033 m outer diameter gives a minimum inner diameter of 
0.0265 m to support the maximum tensile load. Appendix C4 contains the diameter 
calculations. 

After analyzing the eight radial members of the expandable truss system, the team 
compared the feasibility of the arrangement to center connector arrangement shown in 
Figure 10. The feasibility study showed that the eight radial member arrangement provides 
several advantages over the center connector arrangement. Using eight radial members 
with cross trusses reduces the number of members to be connected, enhancing 
assemblability and lowering costs. The radial members support the same load as the center 
connector sections without increasing the required truss member size. Because of these 
advantages, the team chose the eight radial member configuration. 

In addition to the eight radial members, cross members provide horizontal support 
on each level. Expandable cross trusses, located at the center and perimeter of each level, 
connect to the radial trusses to limit floor deflection. Material properties of the floor system 
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and deflection limitations dictate the number of cross members required. For this design, 
the team assumed an aluminum plate floor requiring only two cross members per section. 
Appendix C5 contains calculations of cross truss sizes. 

4.3 Vertical Support Solution 

Vertical supports consist of a truss system at the perimeter of each level, columns at 
levels one and two, and a central core transferring forces to the external supports. The 
team considered two perimeter truss system configurations. Triangular truss sections 
compose the first configuration. At the top four levels of the habitat, vertical sections 
connect to the horizontal sections to form triangles. In this design, the horizontal support 
members are staggered so that the vertical support triangular sections align. With this 
arrangement, the vertical supports transmit forces directly to the external supports. 
Figure 24 shows the configuration of the triangular trusses. Rectangular sections, rather 
than triangular truss sections, provide vertical support in the second configuration. Like 
the triangular truss configuration, the vertical supports connect to the horizontal supports. 
In this case, the trusses form rectangular sections rather than triangular sections. The 
horizontal support members align above each other to provide support for the rectangular 
sections. Figure 25 shows the rectangular truss configuration. In both the triangular and 
rectangular configurations, columns provide support for the lower two levels of the habitat. 
The columns, arranged in a circular pattern outside the habitat, connect directly to the 
external supports. Hard points on the inflatable shell allow the columns to support the first 
and second levels. Using columns to support the lower two levels eliminates the need for 
inefficient angled support members. 
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Figure 25. Rectangular truss configuration. 

To compare the feasibility of the two configurations, the team considered eight 
triangular and eight rectangular sections for each level. The first step in the comparison 
was calculating the forces acting on the vertical supports. The reaction forces acting on the 
horizontal members are the same forces exerted on the vertical members. Appendix C2 
contains the calculations for the reaction forces. Loads carried by the vertical members 
vary as the truss configuration varies. Because the triangular sections divide the loads 
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between two members, each member carries half the load that a rectangular section member 
carries. For this reason, the team compared two triangular section members to one 
rectangular section member. The calculations show that, to carry the same load, both 
members of the triangular section must be larger in diameter than one rectangular section 
member. After computing the truss member diameters for each configuration, the team 
calculated the masses of the sections. Triangular truss sections are three times more 
massive than rectangular truss sections carrying the same loads. The triangular sections are 
0.076 m outer diameter and 12.875 kg per member. Rectangular sections carrying the 
same load are 0.069 m outer diameters and 8.1 12 kg per member. Appendix D1 contains 
the force and mass calculations. As the mass of each section increases, the transportation 
costs increase. In addition to the higher cost, the triangular truss configuration requires 
more members, increasing the number of connections and the assembly time. For these 
reasons, the team chose the rectangular perimeter truss configuration. 

Calculations similar to those used for the horizontal supports allowed the team to 
determine the required perimeter truss member sizes. Setting the reaction force at each level 
equal to the critical load and performing buckling analysis gave the required areas for the 
perimeter truss support members. Loads supported by the vertical members increase as the 
distance from the top of the habitat increases. Because the lower levels support more 
weight, the members requiring the maximum diameter are the columns supporting the 
lower levels of the habitat. Buckling analysis, using Euler’s equations, allowed the team to 
determine required column diameters. The analysis showed that levels one and two require 
the smallest and largest diameter columns, respectively. Level two column diameters are 
0.0963 m and level one diameters are 0.032 m. In performing buckling analysis for the 
perimeter truss members, the team assumed that all truss members were in compression. 
In this case, the cables connecting the fifth level to the central columns support minimal 
tensile loads. In the event of a failure, these members support loads until structural repair 
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is complete. For this system, the outer diameters of the rectangular truss members range 
from 0.045 m to 0.065 m. Appendix D2 contains calculations and a summary of perimeter 
vertical support sizes. 

At the center of the habitat, columns support the vertical loads. The columns, 
arranged in a circular pattern, transfer loads directly to the external support. Each radial 
truss of the horizontal support system connects to a column at the center. The team 
considered circular and I-beam sections for the central column support system. Moment 
and buckling analysis showed that required I-beam section sizes and masses are less than 
required circular section sizes and masses. Because of space limitations within the core, 
the team chose I-beam sections. Appendix D3 shows the comparative analysis. 

4.4 Structural Connections Solutions 

Structural connection solutions vary for each type of structural joint. To choose the 
connections for each joint, the team considered the advantages and disadvantages of each 
alternate connection for the particular loading application. The major joint locations are in 
the expandable trusses and between the expandable trusses and the vertical supports. Pins 
connect the expandable truss sections to each other; nuts, bolts and welds connect the 
expandable trusses to the central I-beams; and knuckle-type joints connect the expandable 
trusses to the vertical perimeter trusses. This section describes each of the connection 
solutions. 

4.4.1 Horizontal Connections 

Each triangular section of the horizontal expandable truss contains four pin joints to 
allow for collapse and expansion. Figure 26 shows the expansion and collapse of the truss 
sections. In order for the truss to collapse, the horizontal members fold vertically. Pin 


57 


joints in the members allow the bottom members to fold downward while the top members 
fold upward. Joints at the vertices of each triangular section allow the sections to collapse 
in toward the central core area. When the truss expands, sleeves over the joints in the 
horizontal compression members move along the member, away from the joint. 
Appendix G1 contains more detailed figures of the pin connections. 



4.4.2 Vertical Connections 

Each radial truss member connects to an I-beam in the central core area. A pin 
connects the lower truss member, closest to the beam, to a flange. Bolts connect the 90 
degree flange to an I-beam. The last member at the top of the truss also connects to the I- 
beam. Bolts connect a plate, welded to the end of the truss member, to the I-beam. 
Figure 27 shows a possible configuration for the connections. 
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Figure 27. Connections from the horizontal trusses to the I-beams. 


At the perimeter of each level, the vertical truss members connect to other vertical 
truss members and to the radial horizontal trusses. These connections rigidly attach the 
truss members in a branched geometry. Each joint consists of three metal tubes to join the 
members. The tubes connect together at various angles to support the vertical truss 
members. Appendix G1 contains vertical truss connection drawings. 
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4.5 Structural Support Mass Estimates 


To provide a basis for future cost estimates, the team calculated the mass of the 
structural support system. Multiplying the density of 7075 T73 aluminum by the volume 
of each member allowed the team to estimate the mass of each member. Mass estimates for 
the horizontal supports included the radial truss members and the cross trusses. Vertical 
mass estimates include the external columns supporting levels one and two, the central core 
I-bearr.3, and the perimeter truss members. Total mass estimates for the horizontal and 
vertical supports are 1,683 kg and 5,104 kg, respectively. Appendix El contains mass 
calculations for the horizontal and vertical support members of each level. 


4.6 Assembly Method Solution 

After completing the horizontal support, vertical support, and structural connection 
solutions, the team developed an assembly plan for constructing the structure. The primary 
considerations for the assembly plan were minimizing assembly time and maximizing 
safety. In developing the assembly plan, the team made several assumptions. First, the 
team assumed that cranes are available on the moon's surface for use in erecting the central 
core columns. The second assumption was that the shuttle will transport structural 
materials into space and interact with other vehicles to place the materials on the moon. In 
addition, the team assumed that the shuttle cargo bay dictates the size of all structural 
materials packaging. Finally, the team assumed that habitat construction will be completed 
by human power. In order for humans to assemble the habitat, the team assumed that 
walking on the inflated shell would not cause structural damage. Assembly of the 
structures involves several stages including pre-assembling parts, shipping, preparation 
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and arrival, and support structure assembly. This section discusses each stage of the 
assembly process. Appendix FI contains schematics of various assembly steps. 

4.6.1 Pre-assembly Stage 

The first stage in the assembly process is pre-assembling pans. During this stage 
of the assembly, terrestrial crews assemble several components of the structure before 
packing the structural materials into the transportation vehicle. Expandable truss cross 
members from the horizontal supports connect the eight pre-assembled central columns 
rigidly together. The connected columns form a 15 m tall circular arrangement, 2 m in 
diameter. Eight radial members used for horizontal support connect rigidly to the central 
columns. Each of the radial members is an expandable truss, collapsed toward the central 
columns for shipping. Floor sections stack together between the collapsed trusses. To 
provide a foundation for crews to build the structure, a 4.5 m diameter platform attaches to 
the bottom of the central columns. A tumbuckle attaches to the top of the I-beams to aid in 
assembly of the top level of the habitat. Packed within the core of the inflatable structure 
are vertical support truss members, ladders for transportation between levels, structural 
connections, and equipment required for assembly. To minimize volume, the entire pre- 
assembled structure fits within the deflated habitat shell. Placing a protective covering 
tightly around the collapsed structure protects the inflatable shell from damage. After 
completion of pre-assembly, crews load the structure in the shuttle for transportation. 
Appendix FI contains a schematic of the pre-assembled structure. 


4.6.2 Preparation and Arrival Stage 

Preparation and arrival is the second stage in the assembly process. When the 
inflatable structure arrives on the moon, cranes hold the central columns upright while 
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crews connect the columns, through hard points, to the external supports. After connection 
of the central columns is complete, connection of the second floor columns begins. These 
columns attach to the external foundation and contact the inflatable at hard points located on 
the second level. The next step in this stage is placing and connecting airlocks to the 
structure. Once the airlocks are connected to the structure, inflation of the habitat begins. 
When the habitat is fully inflated, excavation crews place the regolith radiation shielding 
over structure. Air pressure inside the habitat allows crew members to work without the 
protection of the EVA suits. Because crews work without the suits, their mobility is not 
inhibited and assembly time is minimized. A rope ladder, connected to the airlock, extends 
down to the pre-assembled platform allowing crew members to descend to the first level. 
Once the crew members reach the bottom of the structure, unpacking of the structural 
materials begins. 

4.6.3 Support Structure Assembly Stage 

The third stage is support structure assembly. Assembly equipment packed within 
the central core includes a lifting mechanism. Wheels provide horizontal movement for the 
mechanism, while a scissor system provides vertical movement. During assembly, crew 
members may stand on a platform mounted atop the lifting mechanism. Figure 28 shows 
the lifting mechanism. To assemble the support structures, crews first expand the 
horizontal truss members, as described in section 4.4.1. Construction of the first and 
second levels of the habitat follows the same procedure. Beginning on the first level, 
crews expand and lock the radial trusses, connecting each to the vertical support columns 
upon expansion. Expansion and connection of the cross trusses follows connection of the 
vertical supports. Construction of the third and fourth levels follows a slightly different 
procedure. Like construction of the first two levels, construction of these levels involves 
expanding the horizontal trusses. Again, cross trusses are placed at the perimeter of each 
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level and at various distances from the central columns. In the case of levels three and 
four, horizontal trusses expand and connect to vertical truss members. Construction of the 
fifth floor of the habitat proceeds in the same fashion, with crews expanding the horizontal 
trusses and connecting them to the vertical supports on the fourth level. The supports 
connecting to the top of the central columns are cables rather than truss members. A 
tumbuckle, installed at the top of the central core arrangement, tightens the cables until they 
support minimal load. In the event of failure, the cables support additional loads to prevent 
catastrophic failure until repair on the structure is complete. 
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Figure 28. Lifting mechanism for assembly. 


4.7 Materials Solution 


From the feasibility study, the team concluded that the most feasible material 
i alternate was carbon fiber reinforced epoxy (CFRE). CFRE exhibits the highest overall 
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strength of all fiber reinforced polymers [9]. The tensile strength of CFRE is higher than 
either aluminum or titanium. In addition to the higher strengths, CFRE has a lower density 
and lower coefficient of thermal expansion than the metal alternates. Although the CFRE 
has a lower compressive strength than the titanium, the advantages in density and tensile 
strength-to-density led the team to rank CFRE over titanium. 

Use of fiber reinforced polymers, particularly CFRE, for structural purposes is still 
in the experimental stages. Because CFRE is not widely used in structural applications, the 
team decided to base all structural calculations on one of the metal alternates. The decision 
matrix shows that the team ranked the two metals alternates closely. In order to choose 
between the metals, the team reconsidered the advantages and disadvantages of each metal. 
Two conditions led the team to choose aluminum over titanium. First, titanium has a lower 
wear resistance than aluminum. In order to use titanium in structural application, the 
material must be coated with a wear resistant material, such as Teflon. Coating the titanium 
with Teflon increases the manufacturing costs of the material. Second, aluminum is widely 
used in space applications. Because aluminum is currently used in space vehicles and 
structures, the material has been proven to work in space. 

After choosing aluminum as the most feasible material for design, the team chose a 
specific aluminum for use. The two most commonly used aluminums in structural 
applications are 2219 and 7075. Because the densities of the two aluminums are the same, 
the deciding criterion was strength. Based on the strength criterion, the team chose 7075. 
Caution should be used in applications where 7075 aluminum undergoes either residual or 
applied, sustained tensile stresses. The stresses on the aluminum weaken the material and 
may cause failure. In these cases, T73 tempers should be considered [18]. Although the 
tensile strength of the T73 tempered material is lower than other tempers, the team chose 
the temper because of the reduced risk of failure. The team based all calculations for the 
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structural supports on the properties of the 7075 T73 aluminum. Table II gives the 
properties of the material. 


Table H 

Properties of Aluminum 7075 T73 


Density 

2. 80 Mg / m 3 at 20 degrees Celsius 

Coefficient 
of Thermal 
Expansion 

24.3 x 10' 6 m/m-K average 

for temperature ranges 20-200 degrees 

Celsius 

Tensile 

Strength 

503 MPa 

Yield 

Strength 

434 MPa 

Modulus 
of Elasticity 

Tension 71.0 GPa 

Compression 72.4 GPa 

Shear 26.9 GPa 







CONCLUSIONS AND RECOMMENDATIONS 


During the design process, the team considered several support structure 
configurations. Included in the vertical alternates were arches, lunar lander supports, a 
suspension system, a truss system, and columns. Horizontal alternates included beams, 
trusses, expandable trusses, floor/truss systems, and box girders. After performing 
feasibility studies on each alternate, the team concluded that the truss system and 
expandable trusses were the most feasible candidates for conceptual design. The truss 
systems allowed the team to meet, or exceed, the design criteria identified in the initial 
stages of the design. Trusses minimize the mass of the structure, limit floor deflections, 
and accommodate piping and ventilation systems. Designing the systems with expandable 
trusses and locking pin connections allowed the team to limit assembly time by reducing the 
complexity and number of connections. 

Although the design solution meets the initial design requirements, the team 
recommends further research in several areas. Use of fiber reinforced polymers for 
structural support may allow future designers to decrease the mass of the structure. The 
high strength of the polymer composites may also allow for smaller support members. If 
smaller members can be used to support the same load, the polymer composites may 
provide enough space for members to support the weight of the radiation shielding regolith. 

Another area that deserves further consideration is the possibility of automated 
assembly. Although the team designed the connections for limiting assembly time, 
automation may further reduce the time. Future designers may employ robotics or 
mechanized expandable trusses. If designers chose to research robotics, the assembly 
methods should be tested for influences of lower than earth gravity. Also, if robotics were 



employed for assembly, concerns about radiation and atmospheric effects during assembly 
would not be a concern to humans. 

Research into the behavior of pin joints and the expandable truss systems should 
also be conducted. The pin joints with protective sleeves should be researched further. 
Future designers may consider milling grooves or notches into the joints to lock the truss 
members in place. Also, modeling the system with fixed connections, rather than pin 
joints, between the truss members. Designing the joints as fixed connections may increase 
the strength and decrease the deflection of the horizontal support members. 

Possibilities of adapting the habitat to various geometries and environments should 
be considered in future designs. Other geometries to consider include horizontal and 
vertical cylindrical habitats. Adapting the structure to various environments requires 
research of atmospheric conditions and radiation. For example, to adapt the structure to the 
Martian environment, designers must consider dynamic wind loads. 

Finally, the team recommends building a mock-up of the entire assembly. During 
construction of the mock-up, various assembly methods can be tested. The structure can 
then be tested under static and dynamic loading conditions. Construction of the structure 
also serves as a demonstration of spatial and equipment layout concept feasibility. 
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APPENDIX A 


DECISION MATRIX METHOD 


Decision matrices aided the team in selecting the most feasible candidates for conceptual 
design. The first step the team completed in using the decision matrices was identifying the 
design parameters. Each alternate component has different design parameters, as indicated 
in the decision matrices. After identifying the design parameters, the team assigned 
weighting factors to each parameter. A method of pairs allowed the team to complete this 
task. During the method of pairs, the team compared two parameters and assigned a tally 
mark to the parameter considered more important. This process continued until all 
parameters had been compared. Upon completion of the comparison, tally marks for each 
parameter were summed and divided by the total number of tally marks. The result of this 
calculation is the weighting factor for the parameter. After determining the weighting 
factors, the team rated each alternate according to the scale shown in Table I-A. To 
determine the rank of each alternate, the team multiplied the rating by the weighting factor 
for each parameter and summed the products. For example, the design parameters for the 
vertical supports include assemblability, size (pre-assembly), size (post-assembly), 
adaptability, number of members, number of hard points, and structural independence. 

The weighting factor for assemblability is 0.138. For the same parameter, the lunar lander 
support alternate rating is 15. Multiplying these numbers gave the rank of the lunar lander 
supports for assemblability, 2.07. Summing the lunar lander rankings for each parameter 
gave the overall rating for the alternate, 54.72. 
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Table I- A 


Rating Scale for Decision Matrices 


Rating 

Description 

100 

Satisfies all design criteria 

90 

Satisfies most design criteria 

80 

Satisfies emphasized design criteria 

70 

Satisfies most emphasized design criteria 

60 

Satisfies some emphasized/ all secondary 

50 

Acceptable 

40 

Satisfies some emphasized / most secondary 

30 

Satisfies only secondary design criteria 

20 

Satisfies most secondary design criterion 

10 

Unacceptable 
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AREA CALCULATIONS FOR EACH LEVEL 
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APPENDIX B2 


FORCE ESTIMATES FOR EACH LEVEL 


Table I-B shown below gives force estimates for each level of the habitat as given 
in NASA's 90-Day Study [1]. The team assumed worst-case loading of 125 psf 
for each level. Table II-B shows the distributed loads the team calculated for each 
level. 


Table I-B 

Load Estimates For Each Level [1] 


Level 

Earth Load 
(psf) 

Earth Load 
(lbs) 

Moon Load 
(lbs) 

Moon Load 
(kn) 

With SF=4 
(kn) 

1 

50 -60 

55,500 

9,250 

41 

164 

2 

40 -125 

170,100 

28,350 

126 

504 

3 

60 -125 

187,700 

31,283 

139 

556 

4 

60-125 

194,800 

32,467 

144 

576 

5 

50-100 

136,000 

22,667 

101 

404 

All 


744,100 

124,017 

552 

2208 

Roof 

Regolith Shielding 

77,344 

344 

1376 
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Table U-B 

Load Estimates Per Level 


Level 

Force moon load (kN) 

Force moon load (kN) 
inluding safety factor of 4 

1 

83.3 

333.2 

2 

152.6 

611.2 

3 

182.8 

731.2 

4 

170.9 

683.6 

5 

117.4 

469.7 
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CALCULATION TO DETERMINE NUMBER 
OF RADIAL MEMBERS 
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A sum m P vey op twe Volumes, aeeat., 
volume - fiovj e atc.s , su^al y duct • — Lt o, 
?RELS»SA>£E "RtTn Si SET, A^D JZF? 

Z)\JC.~r S'^ES is P^C'JiLSD ~"~p 
TASlE OM THC TouLO'MitUO, PASS- 


B9 
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APPENDIX Cl 


DISTRIBUTED LOAD CALCULATIONS 


A^SUM >M£j VJ OfcST CA^F LOAL 1 ME 7 •' 

eo C-M EACH LE'JEL 15 s 

126 " ’Vm 2 ' 

VllTM A ^AFtTP/ FACTOR CF 4-^ THE 
PAFSEO AF PFf^ LE'/EU 

(.‘Wfc M /m 1 'X 4 ) = S'Vil . 

TO CSLC'ALATt THE D|ST«J&OTEO LOAD PE.^_ 
L2 c L } F n^.'S'F F i M O TtfET A R.EA. 

EXAMPLE: OO-E L2'I£L 3 





distributed loading* 

FOR.CE (ON) OUTER. R\^6 : 

f - O pressure 

= ( 4 I 

F » 1^5.1 ^ M /m 

force o^ inJMer, R-IM6, : 

F = C, x * PRESSURE 
= CZtrXlryiY^^^l 
F = <35. I K - N /rr^ 


DlSTRl BOTEfD LOAD FOR. TV4E L&vJfl 



C2 




TO ElMD THE" Dl^rR.iBuT£D LOAD PeR_ 
RADIAL- M.EMBE 2- , DWlLE Tr+E LEVEL 
IMTD £> 'SeCTlOM'S . 

C"S^-CE ONJ \ Nl Nl E E_ EsJD' 

F - ZSA =' 3.14 

& 

Forcer okJ aute*L E^d: 

F = IfVb. i kN /^ - .54. 1 * N /m 

5 



(24ECK. TO SEE \F TUE L£fvr>E Add TD TFE 
TDTA-u LOAD CALCULATED Foi4 EAC-4 
PLOOR (SEE APPE4D1 1 /. 13 Z ") 

Load on le^el. 3 - '131.3. kVJ (see Apoencix a') 


C3 



Cut^vc. CcoKmuue:^ 

A££A OP TR*P£1o \ D = <fAVF£-A&E me\^ htOO?: A'Se:) 

- + 1*3.1 [|p.l m”l 


Tcrr^U FCkXET- A(2.eA = 1 ^\. + KNI 


;. Di-s-r&ifeOTSD load is Coteecx 


0\-ST£\^\JTHD Av^>0 TOTAL. LOAO SUM-M.ftB.vj •' 
















APPENDIX C2 


REACTION FORCE CALCULATIONS 


TO DETERMINE THt' REACT 16(0 FOicCt^, 
A^SU^E A SiVAPuE BEAM, Fl*EE> AT 
■^OTA ?' 


< L ._ J 

| L 21 J 

r a T l 

U 1 L 

t T 1 

„ — >4 


Forces p a^d p 1 represent the 
D'S>TPJP>OTED UADS. 

Fo^-CF p 1 Aiod Addimg, moment m 

GnFs: 


Free £*)C>\J DiA^/CAI 








w A^ AkI EXAMPLE * 


F= °il.3 K.H 



F^QTKt ^-PTiaiogc (l_') = 5- ^ KN /iT) *• £_4. 1 FrT (k.l"0 
2_ 2. 

P* °\\.^ 

w* P‘^-%). 

M = 7£. 5 N rri 

U^E: S’Jt ? E3.?0-£’>'no\J ■ £GN5. F3.0** C2C>1 

Ft ACTION DOE TD F Oi^Lsj ; 


M a * M s = + j[) 

3L 1 



C6 



Ma ~ IM&- (°[ 1. ~5 k-N rvQ CkJ-t 

3 Oo-lrnY 

M ft =(M 6 = *7 £,. Wm-t 

R-a ~ Re> = F* ( t') ~ M a +■ Mg 

U 

» "H,.^ NjnOU^ 

U> "I T 

R* = R* * 45". LI kM 

React o»os Due to M oml^ : 



\_ 2 (t.nrv,-)^ 

Ra - -|. 5 L KNJ 




= L- %) 

= l,f73.5 )O0 4.47 ^\u-^- 4.4-jrrQ 

R.&> - is. loS K-N 


Total R.eactiol) fortes for. lE'/el^ 

= As.UT kJO- 'S-lo^icW = ^0,04 KKl 

Re>= 4sb”MCM+ IS.U^T^J - lo'- 5 KX) 

Reaction) fok.ce sum.m.ar.v| •■ 


fcg> (kkA 
« 37 - 10 
SO.^Q 
UI.SD 
57 . 1 ^ 
) 8 . 1 S" 










APPENDIX C3 


SUMMARY OF MAXIMUM FORCES 


The table shown below gives a summary of the maximum forces in 
the compressive and tensile truss members on each level. A complete 
set of data , provided to the sponsor in a separate report, gives a list 
of the forces in each member. 


Level 

Maximum 
Compressive 
Force (kN) 

Maximum 
Tensile 
Force (kN) 

1 

22.0 

29.5 

2 

75.4 

57.7 

3 

111.0 

133.0 

4 

82.8 

102.0 

5 

45.0 

57.3 
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APPENDIX C4 


HORIZONTAL MEMBER SIZE CALCULATIONS 


7° Calculate the mimim.um_ reg>0'i<-Ec> A.R.EA.} 

MA/iMUM. FoEdE Ok} U£M.R>EJ?-‘S ; 


P Cr Pdorw^r?^ icin') 5 1 1 0 \<_Kl ^ M-k- 

(/f€n^lorO " 1^2. H*J 


^Cowp ~ I ) Qkd 

4M xio^pA. 


0. 000 2 . 5 5m 1 


_ O- 000504 nn x 

42>4*|0 % pA- 


^1ao\1oiaJ 

-bu~b4 


PIibL. z) 

4 


A4EUME VALUED OE d 0) 
/AsiO TWE^ CHEClA. Per. 


CA LOUL/VrE cU 


SAMPLE : 


do = 0.052)^ ^ cU 
c j t = 0- 055^m 


r P-4 PO'OOOAE SnfQ 


11 s 



CIO 



THEM X = T = T r ( Q "°— ■ ) 3 p.o cz 2) 

6 6 

X = 4.05 x |o' 8 

Per ~ xf_£x - T r 2 

L 2 O. 42rvn 

^C*- " It, / } OOO N J 

.'. the: member will support TTfE" requ ietD 

LOAOj &UT C "BE” SMA-LLE4-. 


suKUAe_y of o’a-lOu.l/vtio'Os, 


(do 0*0 

cJtW 

t 6*0 

cirvi (m) 

T/m + ) 

Pc, Ckk) 

0.0^3 

C-C33S 

0. OO^JS" 

o. 034 a 

4.05</o' & 

1 b! 

O.OcF 

0-O3o 

O-DClS' 

0-032E 

331* lo 4 

133.4 

0-032 

0 02t>S 

0- 0 021 S 

0-02^3 

213*10* 

1 o2 

0-03^ 

D 0211 

O-OOJbF 

0.Q3C4- 

242M0* 

lib 


do = O-OVb^ ^Afn6~tEE*L> Per W ITH Ml'VJ'MAL 


FotR. te^\om a-ssmmx 

THEvi d-i = ^ 4 (djoo^oP ) „ ^0- 03 X) 2 ^ ^ 

4i - O' 02 tsjx 



APPENDIX C5 


CROSS TRUSS MEMBER SIZE CALCULATIONS 


To CALCIXLATE THE 6IEES Of= THE? 
T£-\)S>S> ET* AT THE" P£*J METES. AM O 
CeOTEf^ OF EACH ^ECTOtOj TUE TE ANA 
USE THE LAW or SiU£<> . 


0= \ QO- 4g 

£ 

© = L“fc5' 


SinAE* _ - 5>n kTb ° X, = 

X, *7- 7 

^trjE a - 6>nUT.? ° X 2 - 5.5 

4^s 



C12 



S’OUUA (L\j op 4o£\30^TAU 
N4£(U&£i^ ^\Z£^ 


L€V€U 

X v C rr>') 

X-i ^nO 

l 

4-0 3- 

^•4o 

z 

S, 4o 

3 • °2> 

3 

5". 3 <3 

3.33 

4 

*5. 10 

3.^4 

5 

3.*1$ 

5. "It 
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APPENDIX C6 


TRUSS LENGTH AND HEIGHT CALCULATIONS 


TO DETERMlfO£: Of E-AdH TR ’O^ 

SECTION, {X^£ THE R-A-Cii I CALCU.UVTc^ 
A?PE)0DIY E>1. 



Tffg- HiKii MU M. MUMBER. £F ^DIUZO^TPcLTIZ.J^.'Z. 
M.£M6££-E U, lt> 

J^ r _A_ £ je^UMD TO ,V£XT Wi^OLE W(JM6t£-) 

V 

X A 

Ttfssi tanj 3 o - \f An! o jj = Sly. 
£ufB < snTUT7M^ J 



-hui 5c 3 



Example : level 3 

A = 5. m 


N* 

A _ 

S'.d'lm _ 


0.44 

OAL m 

X = 

: A- r 

5.3^n = 


2 ^ ’ 

zM 

V = 

--J— 

^ 0.2lm 


15 • 0> =^7 rounci. 4o 

]4 m€rfl.bcrs 


4tLn5c a 4a n 


summj^ OF TR.\JS^> HEI^KTS 

1 » r-/r t_ I HEIGHT M_ 

o.Zn 



0.2L> 


O.4o 


0.^6 


C15 




APPENDIX D1 


VERTICAL TRUSS FORCE AND MASS CALCULATIONS 


to Compact* tae - tmd vertical SUPPORT 
ALT£f^KiATES ; TPE T E.-.M. PEP-POTMECO A 
iTUCKL^A AiLAl v |S 1S POT EACH 'J£ A-Vc^ • 


PoT THE 


TOTS TT5 AL : 


^ - 4SA MPa. 
Ec= 70.4 &Pa. 


FoT 


! 


CBoctcutoA ^ 


Per = 7T z EX 


A = ^r _. 42^4^ 
^ 4 =.4 M Ft 

x* Per L* . tpJ 5 - 
v z e 2 


5 £ -Or '-A _£ E OT S VTiA'JGiLE^ 
-L = o CCS m Act Bov- CAcee 

*5ET LOAD OfO M.EM.SEP'S - R:r 

/. P tr = 45.^*^ 


ORIGINAL PAGE IS 
OF POOR QUALITY 



d 3 ~ % x _ £ ^7 . 141 xJo2jvl) - d.dOozlotn 1, 

ir-b tr (Q.OoSm') 

6 = o.cni^s,^ 

c^o = ( o • on i 2> *+ o. Cos ^ — £>■ oi b 59 m 
d-; - C o.on 133 - o. ocs) = O-Okii^m 

*gi_ 

ujVere X -/ Rir Vl 2 = ^o^5\) Y 4.1^ 

' Z Cos 4£°/ TT 2- F ^ ^ ^ 

33- n. 1 4i *- icf -7 
R£<irMO£0LAft Sf2 T\D^> 

d ^ •* S_ X _ £ OS’ '^/Q~ n '<y ^ } - O-CCCZ-is rr. " 

irt 

TT Co.OcS'>m^) 

<d = <0- 0 (o 

do = 0.0 oS^rr 
Q-j, = C-O5R0rr« 

4 

.. R FCTFkI !J (_ p. SECncvJS 

A'FF SM.FuLH£L 


D2 



Co^PAee: massed of the member 

EFCA CO^Fi^U^A-FoO : 

TB\EK}fr.ULA£. sections, 

\i = AL- ? £ d 0 2 --d u 2 ') L 

f 

= ^ ^0.07^ n*y - (o.C tfe4 nO’"] Ol.t «0 

V = o. 0c4b rv^ 5 

m = ^V - (o qo+ ! <,') 

y { rv,-± y 

m= \Z ) $l5'‘\ 

o 

KECT4lO4 0LA^ SEC-TW^ 

V - *5 £ f O.OlrS&^y - (?/i~0 

V = O -0044 

m-^ V = f£jj^ '\ ( 0-0Q2*, rr^ 

V irv^ y 

m = 115-^ 

;. T£iAnj£,(jlA£_ £s:y3^ AkE AEA'J (££ , 

I N C.GLEAS ( sJjA t^E C^sT. 


D3 



APPENDIX D2 


PERIMETER TRUSS SIZE CALCULATIONS 


CALCULATION OF THE" VE(RTU>L %'CPfO(CT 
member s \~ tz ^ follovis the: smast 
PftoCEiXJfcE the: HoeaEo^TAL 

FiBST, CAtCUuATo TrfgT fcEACTICio FORCE'S. 

TH£ FCfLttt ARE THC VEX-T1 CM- 
Foitce'b, \jdiTVt THE ArtO£\LE£> TiriCEW IU i 0 

ALC-OO^T. 

EAtAMfl_£ : LEVEL. V+ ‘EO^Po^TS 

Fa 4 1^5 - forced 

<JiO THE" AMALBIL 
REUapdE. 



^g- (2 0^5 PS.S° = NJ 

£a * c 52£744 ^ 5T; AOO *0 - ^4,3^^ 
CD^ S E3° 


D4 



VJ ITT4 = '75. 4 Q Px. t - 454 /tkJD 

T ~ g, L z _ = J. 2 l* I o' 1 m 

4'fT 2 '^ 4- T z (75 .4- < 1 0* ft^) 

d- h = 71 - 7 ( 2 • 7 3 x- 1 O'* 1 ^ ^ - o. OOO ll on ^ 
ir*t 1? ( 0,00^ rv-^ 

^oesuumiin^ t* 

5 = £>■ 0^6 1 1 nn 

do- £o. 04 gU 4- o-0o5’" > )= 0.055>4lrn 
d{ - (0.O43U -O-OoO” o. C45Um 

C*t&< foil yield f£ r = ^ A 

* C4M^/o t Xo o ocna) 

* 3>34,433kJ 

fc/ > for /. Yl£LDi^4 r>c£S >OoT 

OCCU^ 




l gveu 

du £ f^') 

d; O'* 

P^QoJ) 

Pc^ Ct») 

i 

0- °2>2 

0.022 

21 . 1 

ni. & 

<3 

0. 

0. o?k 


!&<* £ ■’ 7 

3 

5- Ofeff 

0.0*55 

1 lo 3 

44.4 

4- 

0- <?£~4 

0. 044 

%.% 


5" 

o. 04^r 

<9 0 3 5" 


573.4 


4 




APPENDIX D3 


I-BEAM AND CIRCULAR COLUMN COMPARISON 


To CouPfitie Tier or 

Cl^OALAR. COUUWNJ^ RE-$UV(LE.ib, 

Tver teak vuz^t ca-lcsa. lated n+er 

RE-QVJv^ED Ci£CU-LA£_ ScOloO . 
hc. r - lt?,loovJ ^ L-^.SVn 

X - f L 2 - Per _ ^g.Srr^VlfolOOK^ _ GDOOlb^ 

1T 2 £ hz+No'f*-) 

d^ - %H - - 9 £ Q. Qoo i (o nn 4 ') _ O' 0^045"^ 

TT" ~L T fO'O t 

do - 0-54SZ4 A0.0I - O-'bE =zi= nn 

d\ = O. no 

V'* d- L = -5 [ (o-vsyirCf- CoTi^>Cf] Os.*) 

- £ I G'l ryi^ 

W\-P V' •= Cp S ^ I 0 c dlirT* \q. It q( 0 ' 5 ')- 4 4?^ 

^ par- 


D6 





7 D 'Dere^Aiwe THE REQOieED X-B£A^ 

, ~n+e team, s~ x cp the ^am 

EQ\JAE TD X OP TVtX <f CuUM.VjS.^ AsJ X 
6 oi_>/Cl> P^K.'mE VAiEiAfSLE^ ”By T<C\AL_ 
Av>c> 


THE Closest sstmatets vjece As 

PCI-LOW'S '• 



the Closest esttmAtx \ajax 

U = C^4ci^ ; - I.Xcrr t lo= |.‘5c rv T bp ~ 1 2-Crr-> 

:. THE TEAM. CrtOSE Tit£££T TL> WtMXlLV^ PO*X 
THE TETIS O . 

m ^ sni v * Pea 


D7 



APPENDIX El 


STRUCTURAL MEMBER MASS ESTIMATES 


TO ESTIMATE THE MASC EACH- 

THE TEAM CA-LdlULA-TED THE MOLD MLE O^ 

Atoo Multi puE) s'/ 

T>E^\T^ OP A\. 


Ho^iEUMTTVu *>ueeoG.Vs> : 

Aoo/»»p = 0 ■bOo'bOA ro' L 

A -tens = O.oooas^™ 1 


V-'/i 


AvOD Fcf^. EACH MElH&Ef<L 

Co totac vyi cofirp = 3 

tot A c rn 4* n ^ . = 3 a $ pa- 


C(C?“SS T^ 0 S>£iE^> 

~[T)TAl_ TYlc_or>\ p = E\EVL^- 
TDTAL ^^ 6 = 4 (et V^- 

total Ho^oyrrAu nn=j^ 55 ic^_ 


El 



VERTICAL ?PC<H^ 


PE^IMET£^ turner MEMBERS, ff[- loo & 
x-<bs : am.s at ££UTt^ CoeE^ m= 3 m.i 


tota-u VEfCnCHVL- ‘SbPPoie-T rv\ - 34zi 


1 TrrPu ^0£. Vte^EOKjTAL AnJD VERTICAL- 
m = 5\o 4 Kv 


ASSUfHllO^ 4lOj0O£ /lb TO SH-lP TO THE 
MooiA oooIya, 


THE CO^r eST]M.AcTE PC^ THE ETKOcTUiT^ 

& 

OooY 5"lo4k0/) = f 112 ^ 82,000 


E2 


c^ 1 



APPENDIX FI 


ASSEMBLY SCHEMATICS 



0 >< 



Stage one: Pre 


Central Core 



FI 







Central I-Beam 





C^v 



F4 


Level 3 




external supports. 



Central I~Bean 

* 








APPENDIX G1 


EXPANDABLE TRUSS ASSEMBLY 


TABLE OF CONTENTS 

TITLE PAGE 

EXPANDABLE TRUSS ASSEMBLY G 1 

PARTS LIST G2 

UPPER FLANGE G3 

FLOOR SUPPORT TRUSS HINGE G4 

TRUSS HINGE G4 

SLEEVE G5 

MAIN EYEBAR G5 

EYEBAR FORK G5 

END TRUSS CONNECTOR G6 

TRUSS / VERTICAL SUPPORT CONNECTOR G 6 

LOWER FLANGE G7 




EXPANDABLE TRUSS ASSEMBLY 

























G4 


ORT TRUSS HINGE 









G5 




•• 



G6 


r RUSS/VERTICAL 













